Development efforts in solid oxide fuel cells (SOFCs) for power generation have expanded significantly in the past twenty years. At present, SOFC is being studied/developed in at least thirty countries worldwide. The widening interest in this technology arises from the continuing need to develop cleaner and more efficient power systems and the attractive attributes of this type of fuel cell (multi-fuel capability, all-solid state construction, and high operating temperature) that permit appropriate cell designs/system configurations and efficient operation on a variety of practical fuels for a broad range of applications. This paper surveys worldwide activities, examines R&D trends, and discusses key technological challenges in the development of SOFC for power generation.
INTRODUCTION
Development of solid oxide fuel cell (SOFC) technology for power generation has received much attention and interest in the past two decades. The key features of the SOFC are its solid state construction (mainly ceramics and metals) and high operating temperature (600 o -1000 o C). The combination of these features leads to a number of attractive attributes for the SOFC including design flexibility, multiple fabrication options, and multi-fuel capability. The technology has progressed to the stage that a number of power systems (with outputs of up to several hundred kilowatts) have been operated, exhibiting desired performance characteristics, in recent years. At present, various R&D and system demonstration efforts are ongoing worldwide to advance the technology and address identified technical issues to move the SOFC toward commercialization.
DEVELOPMENT ACTIVITIES AND TRENDS
The SOFC has been developed and considered for a wide range of power generation applications and markets. Potential markets for the SOFC cover portable, transportation, and stationary sectors. Examples of portable applications are 10-100 W soldier power and 500 W battery chargers. Examples of transportation applications are 5-50 kW automobile and truck auxiliary power units (APUs) and 500 kW APUs for aircrafts. Examples of stationary applications include 1-10 kW residential, 10 kW-1 MW combined heat and power (CHP) and distributed generation (DG), and multi-MW base load power plants. Many of these applications have progressed to hardware demonstration and prototype stages while several applications, especially those with large power outputs, are at the conceptual stage (Table 1 ). In addition, the SOFC under reserve operation mode has been evaluated as solid electrolyte electrolyzers; one potential application for this type of component is hydrogen production from steam in nuclear power plants. Efforts to develop the SOFC cover a broad spectrum of R&D activities with focus on resolving identified critical issues and demonstrating system operation. Table 2 lists the key SOFC activities in thirty countries around the world. 
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TECHNOLOGICAL ISSUES AND PROGRESS
Several technical issues have been identified and are being addressed in the development of SOFC products for practical applications. These issues mainly relate to the two drivers to enable commercialization: competitive cost and reliable performance with desired operating characteristics. The focus of current R&D efforts is briefly discussed here:
(i) Materials: Recent activities on SOFC materials have been concentrated on three areas: metallic interconnects, seals, and high-performance cathodes. Work on metallic interconnects aims at resolving the issues of chromium vaporization and poisoning. Significant progress has been made in this area including the development of base materials (e.g., SS 441), material/surface modifications and protective coatings (Mn, Co spinel). Work on seals focuses on developing suitable materials based on glasses or glass composites for planar SOFCs. The key challenges involve both engineering and material developments to improve sealing properties and minimize elemental migration and interaction during long-term operation. Work on cathodes concentrates on developing high-performance materials with improved performance stability, especially to chromium poisoning. Present emphasis is placed on evaluating mixed conducting perovskites such as lanthanum strontium cobalt iron oxides.
(ii) Cells: The anode-supported cell configuration is most commonly used for planar SOFCs. In recent years, metallic-supported cell configuration and microtubular cell design have also been developed. One of the key challenges in SOFC cell development is scale-up to produce large area planar cells. To date, planar cells up to 40 cm diameter have been fabricated.
(iii) Stacks: Work on stacks involves improving and demonstrating required operating characteristics under practical conditions. This includes activities to improve stack performance by minimizing stack cathode polarization and contact losses (Figure 1 ). Other activities address life/degradation, thermal cycle/thermal management, and contaminant issues.
(iv) Systems: Significant progress has been made in demonstrating operation of SOFC systems, especially 10 W to 100 W portable and kW-class systems. High system efficiency (in the order of 50%) and long-term operation (up to several thousands of hours) have been established. Several SOFC based system concepts such as SOFC/gas turbine hybrid and integrated gasification fuel cell (IGFC) have been advanced. 
